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Journal of Bioelectricity

Since World War 11, the scope of electromagnetic radiation use in medicine,
industry, science, and the home has grown to the point where almost everyone
living in a developed country is directly or indirectly affected by it virtually ev-
ery day of their lives.

While the direct effects—better communications, faster cooking, safer fly-
ing, to name a few—uare clear, the indirect effects- to public health and safety—
are far less well known. The study of the interactions between non-ionizing ra-
diation and biological tissue and systems has become a burgeoning new field of
scientific investigation that seeks to discover answers to such questions as: What
are the relationships between RF radiation and cataracts and high blood pres-
sure, between super high voltage power lines and ELF radio waves and nervous
disorders? Can a2 computer’s memory be constructed out of magnetically stimu-
lated “bytes” of living bacteria? Does electric stimulation of damaged tissue
spur new growth and regeneration where ordinarily none would be possible?
What role does intrinsic electromagnetism play in the regulation of living sys-
tems?

As the official journal of the International Society for Bioelectricity, the
Journal of Bioelectricity publishes original work on all aspects of electromagnet-
ic radiation (from direct current through visible light) and life in order to pro-
mote understanding of all significant aspects of their relationship.

To accomplish this, the Journal of Bioelectricity brings together compre-
hensive reports of the latest research being carried out in a variety of fields by
some of the most active and innovative scientists in their respective specialties
into a single, handy compendium of important current information.

Biophysicists, public health specialists, government officials, orthopedic
surgeons, oncologists, physiologists, neurophysiologists, biochemists, biologists,
and public health specialists are only some of the professionals who will find
the information contained in each issue of the Journal of Bioelectricity to be
eminently useful as an adjunct to their work.




—t e £ e

EXPERIMENTAL NEUROLOGY 88, 27-43 (1985)

Triethanolamine, Tris, Hepes, and Cytosine Arabinoside
Show Neuritogenic Activity in Cultured
Chick Embryo Ganglia-

BETTY F. SISKEN, EUGENE ROBERTS, AND INGEBORG GOETZ'

Wenner Gren Research Laboratory and Department of Anatomy, University of Kentucky,
Lexington, Kentucky, and Department of Neurobiochemistry, Beckman Research
Institute of the City of Hope, Duarte, California 91010

Received October 29, 1984

Neuritogenesis, which occurs to a slight extent in chick embryo ganglia maintained
under standard conditions and which is maximally stimulated by nerve growth
factor, also was enhanced by presence in the medium of buffers (triethanolamine,
Tris, and Hepes) and cytosine arabinoside and by the passage of direct electric
current. The major effect of the buffers probably was to remove protons from cell
membranes, that of the current to produce accelerated movement of ions through
membranes of the ganglionic cells, and that of cytosine arabinoside to decrease the
numbers of nonneural cells by inhibiting DNA synthesis. The buffers were neurito-
genically ineffective on nerve growth factor-sensitive PC12 pheochromocytoma cells
in culture. Media from ganglia in which triethanolamine or passage of electric current
had elicited outgrowth of neurites produced no observable effect on PC12 cells under
our experimental conditions. Current data fit the hypothesis that, whereas nerve
growth factor exerts direct neuritogenic effects on neurons, the other treatments
affect neural-nonneural interactions, possibly by way of gap junctions or changes in
direct physical contact, so as to disinhibit inherent neural neuritogenic potential
and/or to stimulate it. © 1985 Academic Press, Inc.

INTRODUCTION

The original isolation of nerve growth factor (NGF) was greatly facilitated
by the development of an assay system with cultured chick embryo ganglia

Abbreviations: NGF—nerve growth factor, TREA—triethanolamine, ara C—cytosine ara-
binoside, DRG—dorsal root ganglion.

' Dr. Sisken works in the Kentucky laboratories and Dr. Roberts and Dr. Goetz are from
the California laboratories. All correspondence should be addressed to Dr. Eugene Roberts.
The work was supported in part by grant N0014-82-K-0105 from the Office of Naval Research
to B.F.S., National Institutes of Health grants NS18858 and NS18859 to E.R., from the Hurd
Foundation, and from The Nelson Research Center.
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utilizing as endpoint the semiquantitative estimation of the degree of
extension of a halo of neurites from the ganglia in response to extracts
containing NGF (21). Under the usual conditions of culture, there is only
little fiber extension from ganglia obtained from 8-day embryos. The ganglia
consist of mixtures of neurona! and nonneuronal cells which, under in vivo
conditions, may mutually affect each other in many ways by exchanging a
variety of chemical substances or by exerting physical forces on each other,
for example, pressure, adhesion, repulsion, and others. The receptivity to
NGF of some of the neuronal elements in the cultured ganglia is indicated
by remarkable responses to very small amounts of this substance added to
the culture medium. The known competence of glial cells in the ganglia
(23, 25, 38, 39) and possibly other cell types (9, 14, 15) to produce and
release NGF and/or other neuronotrophic substances is not strongly expressed
under “classical™ in vitro culture conditions.

From an already voluminous and still rapidly expanding literature it is
apparent that NGF, which produces observable effects on membranes of
receptive cells as early as 30 s after initial contact (8), exerts pleiotypic
effects typical of those expected when a rate-limiting or primary reaction (a
bottle-neck so to speak) is released that consequently enables the occurrence
of cascades of reactions to take place that have reverberations throughout
the cell, from cell membrane to nucleus. The release is triggered by the
interaction of NGF with specific receptors on cell membranes (12), which
probably is a sine qua non for its subsequent effects to be exerted [see (41)
for review]. Since many other substances, even D,O in the medium (24),
can produce similar effects, albeit usually at much higher concentrations
than NGF, and some neuritogenesis can take place in culture medium even
in the absence of added NGF, one is led to suspect that there are “many
roads to Rome.” If the rate-limiting step affected by NGF were known, it
would be reasonable to expect that any treatment, chemical or physical,
that would disinhibit it might have similar short- and long-range conse-
quences for the responding cell.

It seemed reasonable to consider events that take place at the surface-
water interface of NGF-responsive cells. It had been observed (29, 30) that,
under particular circumstances, removal of protons not in instantaneous
equilibrium with an unbuffered suspending fluid is required for Na*-
dependent uptake of y-aminobutyric acid (GABA) to take place into mouse
brain microsomal particles (P;). This suggested that many other cellular
processes may be regulated similarly. There is little doubt that the proton
economy of the cell surface may play an extremely important role in
regulating many aspects of membrane functionality because most enzymes,
transporters, ion channels, and receptors show pH dependency. Indeed.
through regulation of reactivities and conformations of membrane proteins
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and their interactions with membrane phospholipids, protons may serve as
on-off switches for many important membrane functions. Protons may be
attached to membranes held in their close + cinity by strong coulombic
interactions in unstirred electrical double layers, formed possibly with head
groups of anionic phospholipids and/or with glycolipids and glycoproteins.
The pH at the surface of a cell may not be the same as that of the fluid
that bathes it. Not only are blood, lymph, ascitic fluid, and some culture
media relatively poorly buffered, but also there may be regions on cell
surfaces, such as deep invaginations, in which the extracellular fluid may
not be in ready equilibrium with the bulk phase fluid. In addition, there
would be differing rates of metabolic production and utilization of protons
in different cell regions. For example, one might expect a greater tendency
for acidification of the membrane (lower pH) in the vicinity of lysosomes
than elsewhere.

We reasoned that a search for the presumed rate-limiting reaction in
neuritogenesis would be facilitated if the pertinent experiments were con-
ducted with sufficiently high concentrations of proton scavengers so that
most, if not all, membrane regions of the cells under study actually would
be at the pH of the medium, usually 7.3. This could be achieved by
including in the medium adequate concentrations of appropriately chosen
buffers. This would eliminate a whole set of variables that might be
attributable to uncontrolled differences in local membrane pH and would
enable more meaningful comparisons to be made between individual cells
in which neuritogenesis can occur, such as rat pheochromocytoma PC]2
cells, and rather tightly packed communities of cells in which neural and
nonneural cells coexist, such as chick embryo ganglia. Differences between
cells in the presence of proton scavengers and those under the ‘“‘usual”
culture conditions then might simplify identification of rate-limiting events
that are affected by membrane pH and thus contribute to their further
analysis. This study was the first step in that direction.

MATERIALS AND METHODS

Buffers and GABA Uptake. The buffers chosen for this study were
triethanolamine (TREA), tris(hydroxymethyl)aminomethane (Tris), and N-
2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (Hepes). All three are
widely used in biological studies. Their effects on uptake of GABA by a
mouse brain microsomal fraction (P;) were studied exactly as described
elsewhere (29, 30). Unnecessary exposure of buffered culture media to
strong light was avoided because of the recently discovered possibility of
phototoxicity of such media (36).
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Ganglia Culture. Dorsal root (DRG), trigeminal, and sympathetic ganglia
from 7- to 8-day chick embryos were dissected in Dulbecco’s phosphate-
buffered saline (GIBCO), and were cultured in the presence of different
concentrations of TREA, Hepes, and Tris buffers. In these preliminary
experiments, we determined that concentrations between 2.5 and 5 mM of
each buffer stimulated the maximal response of neurite extension in each
instance (see below). Thereafter, DRG were used exclusively for the remainder
of the experiments. Six DRGs were placed in each 60-mm culture dish
(Falcon 3002). In the normal culture condition series, 5 ml complete
medium was added to each dish. This medium contained 85% Dulbecco’s
modified Eagles’ medium, 10% dialyzed fetal bovine serum (both from
GIBCO), 3% glucose (600 mg/100 ml), 1% glutamine (200 mM), and 1%
penicillin-streptomycin mix (GIBCQO). Each set of experiments, repeated
three or four times, consisted of two to four dishes per treatment. All dishes
were incubated 3 days at 39°C in an air-5% CO, atmosphere in a water-
jacketed incubator. In each experiment, a control group (untreated) and a
group treated with 2.5s NGF (prepared by R. Bradshaw, UC Irvine, Calif.)
at a final concentration of 10 nM were tested in parallel with the buffer-
treated groups. Each buffer was prepared as a 10X stock solution. The
buffers were constituted in phosphate-buffered saline with 2 mM CaCl,, pH
7, at concentrations of 50 mM. and then were diluted in complete medium
and the pH adjusted to 7.3. In every series, TREA, Hepes, and Tris were
tested at final concentrations of 2.5 and 5.0 mM. A series of ganglia also
was studied in the presence of cytosine arabinoside (ara C; Cytosar, Upjohn)
at a final concentration of 8 ug/ml in the complete medium. The various
buffers or NGF were added or direct current was applied to the DRG in
ara C-containing medium.

With cycloheximide, the ganglia initially were incubated 3 h in complete
medium containing 10 ug/ml cycloheximide (Sigma) and then were trans-
ferred to new culture dishes in complete medium and were subjected to the
several treatments. Direct current was applied to the ganglia as described
elsewhere (31). Electrically treated cultures contained 5 m! of the medium.
The current was delivered through tantalum electrodes inserted in specially
designed culture dish tops and connected to a [.4-V battery. Constant
currents of 10 nA were attained within 1 h and flowed for the entire 3-day
period of the experiment.

PC12 Cell Culture. Rat pheochromocytoma cells (PC12) were grown
routinely without antibiotics on uncoated Corning plastic tissue culture
dishes using RPMI 1640 medium containing 4 mM glutemine, 10% horse
serum, and 5% calf serum at 37°C in humidified air containing 3% CO,.
The sera were not heat-inactivated. Prior to subculture, the cell layers were
rinsed with Ca?*- and Mg?*-free Hanks’s saline, pipetted off the dish with
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fresh serum-containing medium, and 1 X 10° cells were transferred to
polylysine-coated dishes. One day later the medium was removed and
serum-containing or serum-free medium with or without test substances
was added. When the serum-free medium was used, the cells were subjected
to a rinse with Hanks’s solution. The serum-free medium consisted of
RMPI 1640 with the following adducts: nonessential amino acids, 0.1 mM
(GIBCO); ascorbic acid, 5 ug/ml; linoleic acid, 84 ng/mi; hydrocortisone,
18 ng/ml: insulin, 10 ug/ml; choline chloride, 9 ug/ml; vitamin B>, 1.5
pg/ml; and fetuin, 1 mg/mi. Concentrated solutions of TREA, Hepes, Tris,
and ara C were made in glass-distilled water at pH 7.4, NGF was dissolved
in RMPI 1640 with 5% calf serum. Prior to use all solutions were filtered
through 0.45-nm, detergent-free filters. The cultures were studied after 4 to
6 days exposure to the test substances and compared with suitable controls.
RMPI 1640, Hanks’s saline, and sera were obtained from Irvine Scientific
Company in Irvine, California, NGF from Collaborative Research in
Waltham, Massachusetts, and other substances from reliable commercial
sources.

Fixation. Staining, and Radioautography. At the end of incubation, the
cultured ganglia or PC12 cells were fixed in 3.5% glutaraldehyde in 0.1 M
cacodylate buffer at room temperature for 2 h and the ganglion cultures
were stained with toluidine bluc. In some instances the cultures were
washed twice at 4°C in 0.1 M cacodylate buffer after glutaraldehyde and
the preparations stained with Cajal’s silver stain. The PC12 cultures were
viewed under phase contrast for evaluation. For radioautography of the
ganglia, [*H]proline (L-2,3-*H]proline: 40 Ci/mM) was added to the
cultures at a final radioactivity of 4 uCi/ml 20 h prior to fixation. After
fixation with glutaraldehyde and three washes with 0.1 M cacodylate buffer,
the cvlture dishes were coated with NTB?2 liquid emulsion (Kodak) in the
dark, and the dishes drained, inverted, and air-dried. Exposure took place
at 4°C for 3 weeks in light-tight boxes and the radioautographs were
developed at 18°C in Dektol, fixed, washed several times in water, and dnied.

Neurite Outgrowth. Neurite outgrowth in the ganglia was determined
after incubation according to the method of Fenton (11). This method
assigns a score to each ganglior based on the number, length, and degree
of branching of the neurites emanating from the original explant. The
scoring system assigns 0 to a ganglion with no outgrowth and +5 to a
ganglion with maximal outgrowth. Treatment with 10°% M 2.5s NGF
routinely yielded close to a +5 score. To compare treatmenis, scores for all
ganglia in their respective groups were pooled and means and standard
deviations were obtained. Using NGF, most observers note the maximal
response after 1 or 2 days in vitro, the response being somewhat more
variable at 3 days. However, we have used this 'ater time in experiments in
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which we determined long-term effects with a Cajal silver stain to substantiate
phase microscopic scoring of the neurite outgrowth. Dunnett’s test was
applied as a test of significance. It is a multicomparison of treatment means
with a control (P limit = 0.01). Only qualitative observations and semi-
quantitative estimates were made in the case of the PC12 4 to 6 days after
exposure to test substances.

RESULTS

Effects of Triethanolamine, T+is. and Hepes on GABA Uptake. TREA,
Tris, and Hepes all enhanced the uptake of GABA by the P; particles as a
function of their concentrations (Fig. 1). On a molar basis, TREA was the
most effective substance of the three. The maximal effects of all the buffers
were exerted at approximately 5 X 1072 M, and somewhat lesser effects
were observed at 2.5 X 1072 M. Decrements from the maximal effects were
observed when concentrations of the buffers exceeded 1 X 1073 M. In all
subsequent experiments, the effects of the above substances were tested at
2.5 and 5.0 mM concentrations, respectively.

Effects of Triethanolamine, Tris, Hepes. and Cwvtosine Arabinoside on
Neuritogenesis in Chick Embrvo Ganglia. In the first experiments the
various peripheral ganglia were cultured in the presence of concentrations
of TREA from 1 to 10 mM. We determined that trigeminal, dorsal root,
and sympathetic ganglia all responded by elaborating neuritic processes at
concentrations between 2.5 and 5 mM, and adverse effects often were
observed at higher concentrations. In contrast to trigeminal ganglia in
control medium, trigeminal ganglia cultured in 2.5 or 5 mM TREA and
sympathetic ganglion cultured in 2.5 mM TREA all demonstrated long,
filamentous, neuritic processes that extended from the centrally neuronal
cell bodies out to and beyond the mat of underlying nonneuronal cells (Fig.
2). Preliminary semiquantitative assessment of neurite outgrowth was
determined in the series of experiments conducted on DRGs in complete
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FIG. 1. Concentration dependence of enhancement of GABA uptake into mouse brain P,
particles by triethanolamine (TREA), Tris, and Hepes.
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FiG. 2. Trigeminal and lumbar sympathetic chain ganglia cultured in complete media 3 days
in vitro. Control culture of trigeminal ganglia contained few neurites (A); trigeminal ganglia in
5 mM TREA (B) or 2.5 mM TREA (C) contained long neuritic processes emanating from the
cell bodies in the center of the ganglia. Enhanced neurite outgrowth was also seen in sympathetic
ganglia cultured in 2.5 mA TREA (D). All ganglia stained w:.h Cajal silver stain. X 30.

medium. The average scoring of the responses in these cultures was: control,
+1.5: NGF., +4.4; 5 mM TREA, +3.4. Qualitatively similar results were
obtained with DRG upon treatment with NGF, TREA, or electric current
(Fig. 3).

The quantitative data from the entire series are summarized in Table 1.
The short preincubation (3 h) with 10 ug/ml cycloheximide appeared to
have no effect or to slightly enhance neurite extension in the various
treatment groups over that found under normal conditions of culture [see
also (22)). Histological observations indicated that cycloheximide diminished
the nonneural population so that the neurons were visualized more prom-
inently. In addition, many more neural cells had migrated out of the central
portions of the ganglia. Radioautographic evidence (not shown) of inhibition
of protein synthesis by cycloheximide during neurite extension was obtained
in all instances using {*H]proline as label. Thus, the experiments with
cycloheximide-treated ganglia showed that the effects of the substances
tested and direct current on neuritic extension do not appear to require
protein synthesis to be taking place.

Constant incubation in the presence of ara C increased neuritogenesis in
otherwise untreated cultures relative to that observed in its absence (Table

- .
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F1G. 3. Dorsal root ganglia grown 3 days in complete media to demonstrate differential
effects of the various treatments. Control (A); 10 nM NGF (B); 10 nA direct current (C); 5
mM TREA (D). Cajal silver stain. X 78.

1). Although the population of nonneural cells was markedly depleted by
ara C, there appears to have been no effect or a slight enhancement of
neuritogenesis in the presence of TREA or when DC was applied, but there
was a slight decrement in the presence of NGF. Similar results were
observed (33) in simultaneously conducted experiments on the effects of
pulsed electromagnetic fields and direct current. Radioautographs of ganglia
treated with ara C provided confirmatory evidence for those results (Fig.
4). Although radioactivity was found in the nonneuronal cells that remained,
incorporation of [*H]proline into neuronal cell bodies and their processes
was easily visualized. The neurites in these preparations were easily distin-
guishable and often could be traced back to the parent cell body. Obviously,
ara C not only had not interfered with neuritogenesis, but actually had
enhanced it.

Nerve growth factor but not Tris, TREA, or Hepes stimulated an
extension of neurites in PC12 cells (Fig. 5). Results are shown in Fig. 5
only for TREA, and not for Tris or Hepes, which were similar. PC12 cells
grew only in the presence of serum but were able to survive 5 to 7 days in
the enriched serum-free medium described above. The cells had a tendency
to flatten out on the surface of the polylysine-coated dishes and extended
short, stubby processes which often gave the cells a stellate appearance (Fig.
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F1G. 4. Dorsal root ganglia grown 3 days in media containing 8 ug/mi cytosine arabinoside
and incubated in [*H]proline for the last 20 h to show incorporation into proteins on
radioautographs. Neurons and neurites contrasted out sharply with the gray (flat) nonneuronal
cells. Control (A); 10 nM NGF (B); 10 pnA direct current (C); 5 mM TREA (D). X 42,

5A). There was less tendency for the cells to flatten in serum-free medium,
but the short processes were present (Fig. 5SD). NGF (50 ng/ml) caused
appearance of neurites in both serum-containing and serum-free medium
(Fig. 5B and E). In the latter (Fig. 5E), the neurites were thicker and more
heavily beaded than in the serum-containing medium (Fig. 5B). In contrast
to the chick DRG, PC12 cells did not respond with extension of neurites
in the presence of TREA, Tris, or Hepes, but as illustrated for TREA (Figs.
5C and F) retained the appearance of control cells. However, in a preliminary
study, TREA was found to enhance the growth of PCI12 cells. The following
average cell numbers for two closely checking dishes at each concentration
were observed at 4 days of growth in complete medium at successively
increasing concentrations of TREA when 1.07 X 10° cells were plated
initially: control, 2.85 X 10% 2.5 mM, 4.48 X 10% 5.0 mM, 4.66 X 10%
7.5 mM, 4.76 X 10°% and 10.0 mM, 6.01 X 10°. TREA was toxic to the
PC12 cells at 20 mM. Further work is in progress with TREA to substantiate
these latter results and with other buffers, as well.
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3 FiG. 5. Stimulation of neurite outgrowth in pheocytochromagen PC12 cells by NGF but not
by TREA. Control in serum-containing (A) and serum-free medium (D); NGF (50 ng/ml) in
- serum-containing (B) and serum-free medium (E); TREA (5 mAMf) in serum-containing (C) and

serum-free medium (F).

A series of experiments was carried out in the California laboratories
with media which had been removed under sterile conditions from cultured
trigeminal ganglia and DRGs after 4 days of culture in the Kentucky
laboratories, were frozen, and shipped to California, where they were filtered
prior to use. The media were either control media or those containing NGF
or 5 mM TREA. PCI2 cells were plated in serum-containing medium, as
described, and subsequently for 6 days in medium of which 25% consisted
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of the “conditioned” medium. Control PC12 cells were grown with no
addition or with NGF (50 ng/ml). Media from ganglia in which TREA or
passage of electric current had elicited outgrowth of neurites produced no
observable effect on PC12 cells under our experimental conditions. Only
the dishes containing cells which had been grown in conditioned medium
with NGF or to which NGF had been added showed significant neuritogen-
esis. If there had been liberation of a neuritogenic factor into the medium
in which ganglia had been grown, it either was ineffective on PC12 cells or
was present in concentrations below an effective threshold.

DISCUSSION

Our original purpose was to determine whether or not neuritogenesis
and other grossly observable characteristics of neural cells in culture could
be affected by proton removers (buffers) added to the bicarbonate-CO,
buffer already present in order to bring the cell surface pH close to that of
the ambient medium. We used three buffers in concentrations judged to be
sufficient to achieve that purpose, although direct measurements were not
made of pH in the immediate neighborhood of the membranes themselves.
In the future, such measurements are planned with lipid soluble indicators
that can probe pH changes at inner and outer membrane surfaces (28).

In the concentrations used, 2.5 and 5.0 mM, all three buffers, TREA,
Tris, and Hepes, enhanced neuritogenesis significantly in explanted chick
embryo ganglia over that found in their absence, although the pH indicator
in the medium showed the pH of the medium to be the same whether or
not the above buffers were present. This is reminiscent of the results with
the above three buffers and 18 other buffers on the enhancement of uptake
of GABA by a mouse brain synaptosomal subfraction at 0°C and pH 7.3
(29, 30). We presume that in both instances the effects of the buffers were
attributable to proton removal by the unprotonated forms of the buffers, as
otherwise the substances show considerable structural diversity. For example,
in the instance of the three substances used in the present study, TREA is
a tertiary amine and Tris is a primary amine; in both, the unprotonated
form is uncharged and the protonated form is cationic at pH 7.3. Hepes is
a disubstituted piperazino derivative possessing a sulfonic acid group, both
protonated and unprotonated forms being anionic at pH 7.3. The different
efficacies in enhancement of GABA uptake (Fig. 1) may be attributable, in
part, to the effect of structural differences on interactions with membranes
and possibly on the entry of the buffer into them and passage through them
into the cell interior (29, 30). Nonetheless, all thmee buffers proved to be
neuritogenic in the absence of added NGF in our test system in concentra-
tions to 5 mM. Adverse effects on fiber outgrowth were observed at 7.5
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mM and above. It is interesting in this regard that N-[tris(hydroxy-
methyl)methyl]glycine and Hepes were found to be nontoxic for chick
embryo DRGs at 50 mM when used to maintain pH in the absence of
bicarbonate-CQ,, but no fiber outgrowth was observed at that concentration
of buffer in the absence of added NGF (16).

A key finding in our study was that neuritogenesis, which occurs to a
slight extent in ganglia maintained under the usual conditions and is greatly
stimulated by NGF, was also enhanced by such divergent treatments as
addition of buffer, the passage of electrical current, and the presence of ara
C in the medium. From radioautographic observations and the failure of
cycloheximide to eliminate the above neuritogenic effects and from the
experiments with ara C, it is apparent that DNA and protein synthesis are
not required for the production of neurites by neural cells in the ganglia
under our conditions. One possibility is that the above, and other treatments
(1, 2, 5-7, 10, 17, 20, 26, 37), enable the release of growth substances to
take place from the nonneural cells to neural cells, thus evoking neuritogenesis
in the latter. It will be possible to test whether or not one of these is chick
NGF by determining if its effects could be eliminated by application of
specific antiserum to it, when such an antiserum becomes available. Similar
strategies could be applied to other growth factors, as they become known.
However, the lack of effect on PC12 cells of media in which neuritogenesis
in ganglia had been elicited by TREA does not support the hypothesis that
NGF, itself, or some other potent neuritogenic factor might be liberated
into the medium. Of course, exchange of materials between neurons and
nonneural cells could take place through gap junctions between them
without such materials ever appearing in the bulk fluid surrounding the
cells. Appropriate immunocytochemical experiments would be required to
settle such an issue. Obviously, the experiments carried out to date are only
preliminary and much more work needs to be done.

In our experiments NGF was effective in eliciting neuritogenesis both in
explanted chick embryo ganglia and in pheochromocytoma PC12 cells. The
buffers were effective only on the ganglia. Although experiments are planned
with neuron-enriched preparations from dissociated ganglia to determine
whether or not the buffers can exert direct effects on the neurons, currently
it seems that an indirect effect is more likely. The removal by buffers of
protons from the region of the neural membrane may sensitize the membrane
to depolarizing influences which are present in the medium, possibly in the
serum (40), which increase the influx of Na* and Ca®*. One consequence
of the latter might be a release of transmitter-like substances and K* from
the depolarized neurons. The latter ion may be an important signal
transmitted from neurons to glia and possibly to other nonneural cells
immediately in the vicinity. The glial cells, acting essentially like potassium
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electrodes, would become depolarized (27) in turn, and the consequential
membrane changes, including intracellular calcium liberation and membrane
fluidization, could result in release from them and transmittal to neural
cells of NGF and a variety of other neuronotrophic factors. In the absence
of sufficient nerve activity in the ganglia in culture, release of such
substances from glial cells might not take place. Relevant to the above is
the finding that nanoampere levels of direct current applied in vitro to
trigeminal, dorsal root, and sympathetic chain ganglia from 8-day chick
embryos stimulate cathodically oriented neurite outgrowth, increase neuronal
survival and differentiation, and enhance metabolite uptake (32). In this
regard, it is of great interest that one of the early important effects of NGF
is on ionic responses in sensitive cells (3, 4, 18, 19, 34, 35).

Another possibility is that the capacity of neurons in the ganglia to
produce neurites is inhibited under the usual conditions of culture, as if the
neural cells are held in a “straight-jacket,” possibly both physically in a
tightly packed environment and by the liberation of inhibitory substances
from the nonneural cells in the ganglia. A loosening of the straight-jacket
by allowing cell migration to take place coupled with decreases in the
numbers of the nonneural cells and/or decreases in their metabolic activities
may then allow the neurons to express an inherently residing neuritogenic
potential. Although such inhibitory substances have not yet been found,
there is little evidence that they have been seriously sought. If the state of
activation of the neurons in the ganglia at any particular time is a resultant
of the effect of inhibitory and stimulatory influences exerted on them largely
from nonneural cells in the ganglia, then a net decrease in inhibitory
influences, such as might be consequent to the action of ara C, might
enhance the probability of their survival and differentiation.

For those interested in the “sociology™ of cellular interrelationships, the
challenge is to elucidate the patterns of communications between the
different cell types, their evolution during development, and the effects on
them of hormones, drugs, and a variety of environmental factors. Conversion
of closed looped systems (cybernetically effective) to open looped ones
(cybernetically ineffective) can lead to growth or to pathologic manifestations
at intracellular, cellular, and organismic levels. Perhaps the development of
chemical and physical means for manipulating relationships between cells
in chick embryo ganglia and the understanding which that may bring,
eventually will lead to the devisal of new strategies for alleviating inadequate
intercellular communication, wherever it is found to occur. It was, therefore,
decided to test the effects of two of the substances that were found to be
neuritogenic in the present study, TREA and 2ra C, in a situation in which
such incoordination is known to exist, the injured vertebrate spinal cord
(13), as will be illustrated in the following paper.
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Those working with NGF should be grateful that Tris, TREA, and Hepes

were not used in culture media at the time that work on this factor was
begun. If these substances had been used as buffers in the culture media
used originally, the neurite extension assay might not have given such clear-
cut results as it did, and the cumbersome and less sensitive assays with
whole chick embryos might have greatly retarded progress on the purification
and characterization of NGF.
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ABSTRACT

Sensory ganglia from 7-8 day chick embryos were exposed to pulsed
electromagnetic fields (PEMP) or direct current(DC) in order to
correlate stimulation of neurite outgrowth with current density as a
function of field geometry. Growth scores were obtained on ganglia
growing in the inner and outer rings of 50 mm culture dishes. Control
cultures and cultures treated with nerve growth factor served as
standards. In PEMF experiments with the coil pair oriented
horizontally, no correlation was observed between ganglia growth and
current density in contrast to our previous findings with the coils
oriented vertically. Comparison of current density for vertical and
horizontal coils driven identically suggests a dose-saturation effegt
for the induced current with a threshold at approximately 0.4 uA/cm<,
Application of DC elicited significantly greater growth as a function
of location with current density levels above 9 nA/cm<. Interestingly,
the total ch?fge input for PEMF and DC stimulation was nearly
identical, coulombs.

INTRODUCTION

Externally-applied electric fields have been used to stimulate
nerve regeneration and function (5,6,8,10,11,15,16,17,21-28). Thesge
studies have been carried out on both central and peripheral nerves,
dn yive and jg vitro, testing direct current (DC) applied with agar
or metal electrodea, and current induced by pulsed electromagnetic

fields (PEMP).
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In our laboratory, we have addressed the question of neuronal
growth stimulation uging either DC or PEMF. Direct current has been
applied in vitro to embryonic sensory neurons with agar salt bridges
(23), or metal electrodes (22-26), Three different waveforms
generated from Helmholtz coils (ElectroBiology, Inc, NJ) designed to
test varijed frequency content (12,13)have been studied in this system;
only the single pulse 72 Hz signal elicited significant stimulation of
growth.

In our previous paper (25), we reported on the effects of direct
current and the single pulse PEMF on cultures of chick dorsal root
ganglia. The PEMF was applied to the cultures with the coils oriented
vertically. In this orjentation the level of current density, which is
dependent upon the height of the medium, is higher in the center of
the dish relative to that in the periphery of the dish. Significant
stimulation of growth was correlated with the higher current density
(0.7 uA/cm?)in the dish center. In this paper we will examine the
effects of PEMF when applied with the coils oriented horizontally to
continue the dose-effect study and determine if there is also a

correlation of growth with location and current density.

MATERIALS AND METHODS

Dorsal root ganglia (DRG) from 7-8 day chick embryos were
dissected in Dulbecco's phosphate buffered saline (Gibco Co.), and 6-8
DRG were placed in 5 or 8 ml culture medium in Falcon 3006 culture
dishes with liners. Two types of culture media were used: complete
medium consisting of Dulbecco's Modjified Eagles's Medium with 10%
dialyzed fetal calf serum (Gibco), 600 mg% glucose, glutamine (2mM)
and 1% penicillin/streptomycin, or complete medium containing cytosine
arabinoside(ara C, Crtarabine, Upjohn) at a final concentration of 8
ug/ml.

In most cases, four treatment groups containing four dishes per

group were run on each day's experiment. The groups were: a control,
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non~treated group; a group treated with 10 nM nerve growth factor
(NGF); a group treated with pulsed electromagnetic fields (PEMF) for
12 hours per day for two days(24 hours total exposure); and a group
treated with direct current continuously for three days. Each
experiment was repeated 3-4 times.

Nerve growth factor (7s) was obtained from The Research
Foundation of State University of New York, Albany, N.Y.

The pulsed electromagnetic fields (PEMF) were generated by
research coils provided by ElectroBiology, Inc., N.J. A single pulse
waveform (Figure la) was used. The dishes were placed in a horizontal
orientation; i.e., parallel to the coils (Figure 1lb). In this
orientation, the current dengity at the center of the dish is zero
and increases to a maximum of 4.7 uA/cm? at the edges of the dish
(Figucre 2). The distribution or magnitude of current density is
independent of the volume of medium in the dish in contrast to dishes
placed between vertically-oriented coils (9,14,25). The spatial
distribution of the magnetic field is nearly constant across the dish.
The time rate of change of the magnetic field during the main polarity
pulse is 5.3 Tesla/sec.

Direct current was administered to the cultures by connecting two
tantalum electrodes immersed in the medium to a 1.4 V battery. A non-
uniform field was created between a single center cathode and a
circular peripheral anode (22). The total current delivered in 8 ml
medium was 10 nA/dish, The electric field (E) and current density (J)
in this volume is depicted in Figure 3, The calculations used to
determine these were: E =1 x R/29r x h, and J=E /R (I = total
current; R = 71 Ohm e¢m; r = radius; h = height of media).

All dishes were incubated in 5% CO,, 95% air in a water-jacketed
tissue culture incubator for 6 days. To determine protein synthetic
activity, two dishes from each group were exposed to 3g-proline at a
final concentration of 10 uC/ml for the last 20 hours of incubation.
They were then fixed, as were all other cultures, with 3.5%

glutaraldehyde in 0.1 M cacodylate buffer and scored for neurite

e e
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FIGURE 1

(a) Pulse wavefrm generated by Helmholtz cotlls., (b) Placement of the culture
di{shes between the horizontally-oriented Helmholtz coils (left), and levels of
current density within each culture dish (right).
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FIGURE 2

Curreat Density (uA/cm2) as a function of dish radius, independent of height
of the medium (PEMF).

outgrowth. The cultures exposed to the 3H-proline were subsequently
rinsed in buffer 3 times, then with distilled water, drained and
covered with Kodak NTB2 liquid emulsjion. They were exposed for 3
weeks in 1light-tight boxes at 4°C and developed in Kodak
Dektol(l):water(2) and fixed in Kodak Rapid Fix. Photographs were
taken on a Zeiss microscope with light and phase optics using Kodak
Plus X £ilm.

The determination of neurite outgrowth was based on a standard
scoring system of 0-*5 max which involves the number and distribution
of neurites (axons/dendrites) emanating from the centrally-placed
neuronal cell bodies using a standard nerve growth factor preparation
(24). To correlate neurite outgrowth with position of the ganglia in

the dish, and therefore, current density, a transparent guide
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containing concentric rings was placed under the bottom of the culture
dish. The total diameter of the dish bottom was 50 mm; the inner ring
had a radius of 14 mm., the outer ring, 11 mm. (see Figure 1lb). The
position of each ganglia in a dish was noted and the neurite outgrowth
vas determined. The paired t test for related measures was used to
determine significance of growth relative to location; only dishes
containing ganglia in both inner and outer rings were used in these
analyses. Significant differences between the mean of the control
group and the means of the various treatment groups were determined

by the Dunnett's Multiple Comparison Test (significance of p=.01).

RESULTS

In PEMF-treated dishes containing either 5 or 8 ml medium, the
current density in the inner ring varies from zero to 2.65 ua’cm? (av.
1.32), while that in the outer ring varies from 2.65 to 4.7 uA/cm2.
Since most of the ganglia scored in the outer ring were found between
14 and 24 mm radius location (2.65-4.5 uA/cm2), the average current
density exposure was 3,57 uA/cm2.

The current density in the direct current-treated dishes (8 ml
volume) in the inner ring varied from 39.8 na/cm? at 1 mm from the
cathode to 2.78 nA/cm2 at 14 mm. Most of the drop in current density
occurred within the first 3 mm where less than 5% of the ganglia were
fcund; the current density from 3 mm to 14 mm averaged 5.76 nA/cm2,
The current density in the outer ring was fairly constant, varying
from 2.78 -2.19 nA/cm2 (Figure 3). Tables 1 and 2 contain data found
in cultures of dorsal root ganglia grown in 5 ml complete media, or in
S ml complete media plus ara C. Only control and PEMF groups were run
in this series; we have already presented data on the other two groups
(25). In both tables, the mean score of all ganglia ger dish was
determined, and the mean and standard deviation of dish scores in each
group was calculated.

In complete medium, 56 ganglia in 13 dishes treated with PEMF did
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TABLE 1

Dorsal Root Ganglia in 5 ml Complete Medium
Comparison of Neurite Outgrowth Between Groups

Number Number Mean Score
Group Dishes Ganglia + SD p
Control 12 46 1.93 + .83
PEMF, B 13 56 2.13 + .72 ns
25 102
TABLE 2

Dorsal Root Ganglia in 5 ml complete Medium + 8 ug/ml ara ¢
Comparison of Neurite Outgrowth Between Groups

Number Number Mean Score
Group Dishes Ganglia + SD P
Control 8 32 4.13 ¢+ .26
PEMF, H 8 45 3.97 ¢+ .52 ns
16 77

'Significance determined by Student's t test

not exhibit significantly greater neurite outgrowth than 46 ganglia
in 12 control dishes (Table 1). In ara C medium, the scores of both
groups were significantly higher, but there was no difference noted
between 8 control and 8 PEMF dishes. Morphological evidence for the
increase in growth scores, when the ganglia are incubated in ara C
medium, has been noted before (23,25), and occurs also in 8 ml medium

(Figure 5).

To determine whether there were any significant differences
between growth and location of the ganglia in the dish, ganglia in the
inner ring were compared to those in the outer ring. In either
complete medium (Table 3), or in ara C medium (Table 4), no differences
were noted.

Four groups were tested in cultures grown in 8 ml of medium. The
mean scores of these groups, in complete medium, are presented in
Table 5. In 16 dishes, the score of the control group was less than

that obtained in the control group grown in S ml medium, while the
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TABLE 3

nglia in 5 ml Complete Medium

Neurite Outgrowth Relative to Location in Dish*

Outer Ring Inner Ring
Number Number Mean Score Number Mean Score
Group Dishes Ganglia + SD Ganglia + D P
Control 9 12 1.99 + 1.04 24 1.7 + .98 ns
PEMF, B 8 13 2.17 + .52 27 1.83 + .95 ns
17 25
TABLE 4
Dorsal Root Ganglia in 5 ml Complete Medium + 8 ug/ml ara C
Neurite Outgrowth Relative to Location in Dish*
Outer Ring Inner Ring
Number Number Mean Score Number Mean Score
Group Dishes Ganglia + SD Ganglia + SD P
Control 5 13 3.95 + .37 14 4.04 + 2 ns
PEMF, B 8 27 3.85 + .5 18 3.7 ¢ .82 ns
3 0
'significance determined by paired t test
TABLE S5
Dorsal Root Ganglia in 8 ml Complete Medium
Comparison of Neurite Outgrowth Between Groups*
e L Mg
Control 16 73 1.28 + .49
NGF 11 67 2.85 ¢+ .64 sig
PEMF, H 16 69 2.16 ¢ .76 sig
DC 14 60 2.60 + .47 sig
57 269

*significance determined by Dunpett's Multiple Cmparison Test (p=.0l)
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score in the PEMF group was unchanged. PEMF, NGF and DC treatments all
stimulated significantly greater neurite outgrowth than that of the
control group, with NGF eliciting the greatest response. Typical
growth patterns in all groups are illustrated in radicautographs of
incorporated 3H-ptoline in Figure 4,

Neurite outgrowth scores of ganglia grown in 8 ml ara C medium
(Table 6) are higher than those in complete medium in all groups with
the exception of NGF, which is significantly lower than the control
group. No significant differences were found between control and PEMF
or DC groups. Figure S5 demonstrates the increased neurite outgrowth in
Control, PEMF and DC, and the diminished response in the NGF cultures.

Comparisons of growth scores between the inner and outer rings in
these groups are presented in Tables 7 and 8. In 50 dishes containing
245 ganglia grown in 8 ml complete medium distributed among the four
groups, there were no significant differences in neurite outgrowth
correlated with location, Particular attention was paid to ganglia
located in the exact center of the dish in the PEMF group (zero
current density); growth patterns here were comparable to those found
throughout the dish, confirming the lack of correlation of growth with
current density.

Data obtained from dishes containing 174 ganglia from 35 cultures
grown in 8 m]l ara C medium are presented in Table 8. Only in the NGF
group was any difference noted between ganglia located in inner and

outer rings, and this was not significant at the .01 level.

DISCUSSION

This study has investigated the question of whether there is a
correlation between the amount of current densgity induced by pulsed
electromagnetic fields, or direct current, and the degree of
stimulation of neurite outgrowth, We have adcressed this question by
determining the current density in the dish as a function of radius.

Control and nerve growth factor preparations served as standards for




Fig. 4 (continued)
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TABLE 6

Dorsal Root Ganglia in 8 ml Complete Medium + ug/ml ara C
Comparison of Neurite OQutgrowth Between Groups®

Number Number Mean Score
Group Dishes Ganglia + SD P
Contzol 10 48 1.58 ¢+ .42
NGP 10 37 1.89 ¢+ .58 ns
PEMF, B 12 55 3.40 + .42 ns
oc 11 S1 3.39 ¢ .39 ns
a 1ol

*significance determined by Dunnett's Multiple Comparison Test (p=.0l)

TABLE 7

Dorsal Root Ganglia in 8 ml Complete Medium
Neurite Qutgrowth Relative to Location in Dish*

Outer Ring Inner Ring
Number Number Mean Score Number Mean Score
Group Dishes Ganglia + SD Ganglia + SD p
Control 15 39 1.25 ¢+ .47 30 1.39 + 1.06 ns
NGF 11 32 2,75 + .59 38 2.88 4+ .8 ns
PEMF, B 11 23 2.19 #1.02 29 2.22 £ 1.13 ns
DC 13 21 2,70 ¢ .7 36 2.68 + .75 ns
50 TS 130
FIGURE 4

Dorsal root ganglia efter 6 deys in vitro in 8 wml medium. Radiosutographs of
whole explants after incubation in SH-proline for the last 20 hours of incuba-
tion. Control (C); NGF (N); PEMF horfzontal (H); and Direct Curreat (D).
Neuronal cell bodies {n the center of the explant, and neurites contain great
nuabers of grains so that they appear as black silhouettes. X192.
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TABLE 8

Dorsal Root Ganglia in 8 ml Complete Medium + 8 ug/ml ara C
Neurite Outgrowth Relative to Location in Dish*

Outer Ring Inner Ring

Number Number Mean Score Number Mean Score
Group Dishes Ganglia + SD Ganglia + SD P
Control 9 17 3.51 + .63 29 3.39 + .57 ns
NGF 7 18 2.24 + .64 12 1.23 + .66 ns
PEMF, H 10 30 3.25 ¢ .92 21 3.08 £ .67 ns
oC 9 21 3.36 + .66 26 3.47 + .38 ns

35 86 88

'significance determined by paried t test

location effects in the dish. Both 5 ml and 8 ml volumes were tested
since our previous study (25) noted that growth scores were
influenced by the media volume., 1In each case, parallel series were
conducted in media containing ara C, a mitotic inhibitor, to assess
growth characterisitics in the virtual absence of non-neuronal cells.

In 5 ml complete medium, or ara C~containing medium, no
significant differences were obtained between control cultures and
cultures treated with single pulse PEMF (Tables 1 and 2). These
results indicate essentially no effect on growth parameters and are in
marked contrast to those obtained in 5 ml medium with the coils
oriented vertically (25). 1t is possible that, for these conditions,
the upper limit of a dose response is exceeded by the larger current
densities in the horizontal coil orientation. Analyses of the growth
scores of ganglia in the inner ring, versus those in the outer ring in
S ml complete, or ara C complete, also show no significant differences
(Tables 3 and 4), indicating no correlation between neurite outgrowth
and location/current density. Similar results were obtained in 5 ml
PEMF experiments using vertically-oriented coils,

In cultures grown in 8 ml complete madium, mean scores of neurite
outgrowth in NGF, PEMF and DC groups (Table 5) were all significantly

higher than control mean scores. Although the mean score for the PEMF







.
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group did not change appreciably from that found in 5 ml complete
medium (equivalent distribution and level of current density),
control values decreased markedly. Thus, the PEMF treatment is most
pronounced when the ganglia are exposed to sub-optimal conditions , as
suggested by Pilla (12,13) for PEMF effects in general. Studies
confirming such phenomena have been reported by Chiabrera et al (3)
and Schwartz et al (20,21).

Direct current and NGF treatments stimulated neurite outgrowth to
a comparable extent as reported previously (23,24). In 8 ml complete
medium, the electrical treatments proved to be beneficial to the
system. In ara C medium, however, no significant differences were
found in any of the treatment groups relative to controls.

Comparison of growth scores between ganglia in the same dish in 8
ml complete medium of control and NGF groups showed no correlation of
growth with location, a consistent finding in all of our studies. 1In
the PEMF group, ganglia scores in the inner ring, where the current
density is low (average of 1.32 uA/cm?), versus scores in the outer
ring (average current density of 3.67 uA/cn?) were equivalent., Closer
inspection of ganglia growing in the exact center of the dish, where
the current density is almost zero, exhibited growth patterns typical
of those found in other parts of the dish. Between 1~3 mm from the
center of the dish, the level of current density approaches that found
to be most effective (0.3-0.7 uA/cm?) in the vertically-oriented coil;
however, it is most difficult to obtain such data using the horizontal
system since the test intervals are too close together.

In direct current-treated cultures, the relationship between
current density and growth stimulation is relatively straightforward.
Although total mean scores were significantly higher in 8 cc medium,

no changeg in growth scores as function of location were noted. The

FIGURE 5

Dorsal root ganglis after 6 days in vitro in 8 ml medium + ara C. Pictures of
whole ganglia taken under phase wmicroscopy. Note the extensive neurite
outgrowth in Control (C), PEMF (H), and DC (D), and the stunted growth in NGF
(N) cultures, X80.
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current density in the inner ring from 3-14 mm averaged 5.76 nA/cm2;
in the outer ring, 2.48 nA/cm2. 1In 5 cc medium, a significant
increase in growth scores in the inner ring {average current density
of 9.1 nA/cm2 between 3-14 mm), relative to those in the outer ring
(av. 3.9 nA/cm?), was obtained (25). In the experiments conducted in 8
cc medium, the lack of "cathodal" response of ganglia located in the
inner ring appears to correlate with a lower level of current density,
and may represent one end of a "current-dose" response curve. Future
studies, using the same dish electrodes connected to constant current
devices, will enable us to test a range of current densities from 1
nA/cm? to 1 ud/cm?.

In the PEMF experiments, a correlation between growth and current
density has yet to be demonstrated in the horizontal orjientation. In
PEMF vertical orientation, within dish stimulation of growth was
correlated only with the inner ring current density of 0.7 uA/cm2,
Since this level of current density was encompassed in the PEMF
horizontal experiments (at about 3.5 mm from the center), it indicates
that our system may lack the sensitivity to determine growth
differences in a dish where the current density is changing rapidly
(0.188 uA/cm2 per mm), and/or that other factors must be considered.
For example, the interactions of the electrjc and magnetic components
of the system have not been determined, and may play an important role
in defining PEMF effects. It is intriguing to note that the total
charge input to the system in the 24 hour exposure period is nearly
identical (approximately 10~3 coulombs) for both PEMF (per polarity)
and 72 hour DC experiments. This may suggest the existence of an
exposure time dosage.

The mechanism of action of PEMF or DC i8 not well-defined (see,
however, theoretical proposals by Pilla, 1974, 1980). Experiments by
Cohen and hig collaborators (17) and Sisken et al (24), using direct
current, have implicated a reduction of calcjum ion entry into the
nerve cells, thus stabilizing the neurotubular and neurofilament

components invclved in neurite regrowth (see Schlaepfer et al, 18,19).
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In our studies, treatment with PEMF had no effect on calcium ion
efflux (24). However, Bawin et al (1) described increased calcium
efflux in chick cerebral tissue using 147 MHz amplitude modulated
fields. More recently, Blackman et al (2) reported that odd multiples
of 15 Hz sinusoidal electromagnetic fields enhanced calcium efflux
from chick brain tissue, Dutta et al (4) found that 915 MHz
microwave sinusoidally amplitude modulated at 16 Hz increased calcium
efflux from human neuroblastoma cells., It may be that specific
"windows"” of applied electric field exist, whereby calcium ion changes
are observed in nerve tissue. Further studies addressing this question

are underway.
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t>'NERVE REGENERATION IN VITRO: CORRELATION OF CURRENT/POTENTIAL LEVELS WITH
NEURITE OUTGROWTH, NEURONAL CELL NUMBER AND AREA

L : .
B.F. Sisken & E. Barr o _ 7 ’ - V ~

Nerve regeneration in vitro is characterized by an increase in neurite outgrowth,
maintenance of a viable neuronal population, and production of a specific neuro-
transmitter. It is best demonstrated in peripheral ganglia when nerve growth factor
(NGF) is present in the media. NGF also acts to increase neuronal cell size. We have
demonstrated the nAmp levels of direct current in vitro mimics NGF action by stimu-
lating cathodally-oriented neurite outgrowth. Direct current levels of 10nA also
appear to preserve the neuronal population as well as their specific neuro-transmit-
ter (Substance P) content. We will now present evidence that correlates the morpho-

‘logical parameters of neurite outgrowth (NO) and maintenance of the neuronal popula-

tion (neuronal cell areas and numbers of cells) with different current levels.

Trigeminal ganglia, obtained from 8 day old chick embryos, were placed in 60mm
tissue culture dishes (Falcon 3002) containing 6ml culture media (Dulbecco MEM, 10%
dialyzed fetal bovine serum, 0.6% additional dextrose, and penicillin/streptomycin).
The tops of these dishes were modified to hold either platinum electrodes, tantalum
electrodes, or agar salt bridges. Potentials of -200,-400,-600, and -800mV were im-
posed on these dishes by employing an agar salt bridge to a saturated calomel ref-
erence electrode connected to a potentiostat. Current/voltage curves were first ob-
tained for each metal electrode and current values alone for the agar salt electrode
in the tissue culture medium. In vitro experiments on the ganglia, (control cul-
tures, cultures treated with various levels of direct current, or cultures treated
with NGF, 10‘8M) were conducted for 3 days. Neurite outgrowth was determined semi-
quantitatively in all cultures. Neuronal preservation was assessed quantitatively by
counting the number of neurons in two micron sections of the explants on three lev-
els and determining neuronal cell area on these sections with a Zeiss MOP III digi-
tizer., Data in Fig. 1 demonstrates that neurite outgrowth is correlated with cur-
rent levels rather than potential difference, i.e. maximum NO with tantalum is at
~400mV(10nA). while platinum is at -200mV(12nA). Numbers of cells in ganglia treated
with current (1-20nA, any electrode) and mean neuronal cell areas are all comparable.
Increased levels of current decreased both parameters. NGF treatment produced higher
numbers with larger cell areas. Table 1 represents a comparison of each treatment to
8 day uncultured trigeminal ganglia. Note that current levels between 1-20 nA are

. comparable. L m e Y
A Prem bt Table I
o m— Treatment Factor
i Control 1.3
L ] . 0 ot lnAmp Ta(-200mV) 1.58
; £ 10nAmp Ta(-400mV) 1.62
Fig. 1 H 1 20nAmp Ta(-600mV) 1.58
3 o+ 10nAmp Agar center 1.58
6nAmp Agar only 1.86
T 12nAnp Pt (-200mV) 1.58
300nAmp Pt (-400mV) 1.05
T NGF 1.97
e
PHL PO T, deoecconnens 4

We conclude that current levels of 1-20nA using any electrode system (platinum,
tantalum, or agar salt electrodes) stimulate nerve regeneration in vitro. Supported
by NSF BNS7813737 and ONR NO0O14-82-K-0105, Wenner Gren Research Laboratory and De-
partment of Anatomy, University o